Box C/D guide RNAs are abundant noncoding RNAs that primarily function to direct the 2-O-methylation of specific nucleotides by base-pairing with substrate RNAs. In archaea, a bipartite C/D RNA assembles with L7Ae, Nop5, and the methyltransferase fibrillarin into a modification enzyme with unique substrate specificity. Here, we determined the crystal structure of an archaeal C/D RNAprotein complex (RNP) composed of all 3 core proteins and an engineered half-guide RNA at 4 Å resolution, as well as 2 protein substructures at higher resolution. The RNP structure reveals that the C-terminal domains of Nop5 in the dimeric complex provide symmetric anchoring sites for 2 L7Ae-associated kink-turn motifs of the C/D RNA. A prominent protrusion in Nop5 seems to be important for guide RNA organization and function and for discriminating the structurally related U4 snRNA. Multiple conformations of the N-terminal domain of Nop5 and its associated fibrillarin in different structures indicate the inherent flexibility of the catalytic module, suggesting that a swinging motion of the catalytic module is part of the enzyme mechanism. We also built a model of a native C/D RNP with substrate and fibrillarin in an active conformation. Our results provide insight into the overall organization and mechanism of action of C/D RNA-guided RNA methyltransferases.
M
ore than 100 types of chemical modification are introduced at specific sites of cellular RNAs after their transcription (1) . These modifications, which greatly increase the chemical diversity of RNA, are generally beneficial and sometimes even critical for the structure and function of host RNAs. RNA modifications are normally carried out by individual protein enzymes. However, an exception is the large number of pseudouridine and 2Ј-O-methylated nucleotides in rRNAs, snRNAs, and tRNAs that are synthesized by H/ACA and C/D RNA-protein complexes (RNPs), respectively (2) (3) (4) (5) (6) . In each such complex, a distinct guide RNA belonging to the H/ACA or C/D RNA family determines the substrate specificity by basepairing with the substrate around the modification site. These 2 classes of RNA-guided RNA modification enzymes are ubiquitous in eukaryotic and archaeal organisms but are not found in bacteria.
The methylation guide C/D RNAs contain a C box (RUG-AUAG, R is purine) near the 5Ј end and a D box (CUGA) near the 3Ј end, and related boxes CЈ and DЈ at the internal region. One or 2 antisense sequences are present upstream of boxes D and DЈ and form a 10-21-bp duplex with the substrate, thereby selecting the nucleotide paired to the fifth nucleotide upstream of box D/DЈ for modification (7) (8) (9) . Boxes C and D combine and fold into a kink-turn (K-turn) structural motif (10) (11) (12) (13) . A canonical K-turn is composed of 2 bent stems linked by a 3-nt bulge with an extruded nucleotide. One stem contains tandem sheared G⅐A pairs (hereafter called the GA-stem, also known as stem II or noncanonical stem), and the other contains WatsonCrick pairs (WC-stem, also known as stem I or canonical stem). In archaeal C/D RNAs (14) , the internal CЈ and DЈ boxes often form a related K-loop structure, in which a loop replaces the WC-stem in the canonical K-turn (15, 16) .
In archaea, C/D RNA associates with 3 proteins-fibrillarin, Nop5 (also known as Nop56/58), and L7Ae-to form an enzyme capable of catalyzing site-specific modification (17) . In eukaryotic complex, paralogs Nop56 and Nop58 replace the single Nop5 protein, and a 15.5-kDa protein (15.5K, Snu13 in yeast) is equivalent to L7Ae. Fibrillarin is the methyltransferase, and it catalyzes the transfer of a methyl group from bound S-adenosylmethionine (SAM) to the 2Ј-hydroxyl group of the target ribose (17) (18) (19) . L7Ae/15.5K is a primary RNA-binding protein that recognizes the K-turn (10, 11, 13) . L7Ae also binds well to the K-loop (20, 21) , but eukaryotic 15.5K does not (21) (22) (23) . Nop5 is a scaffold protein composed of an N-terminal domain (NTD) that binds fibrillarin, a coiled-coil domain that mediates selfdimerization, and a C-terminal domain (CTD, also known as the Nop domain) that likely binds the L7Ae-RNA complex (24) . C/D RNP assembly proceeds in a stepwise manner (17, 20, 24, 25) and begins with the formation of the L7Ae-C/D RNA complex. Nop5 associates with the preassembled L7Ae-C/D RNP but cannot stably bind C/D RNA or L7Ae alone. Fibrillarin is recruited through its interaction with Nop5.
The structure of archaeal C/D RNP has a 2-fold symmetry, with structurally equivalent C/D and CЈ/DЈ motifs in RNA, 2 copies of each protein, and self-association of Nop5. The integrity of the symmetric structure is important for the activity (20, (26) (27) (28) , particularly for the substrate specificity (29) . By contrast, the structure of the eukaryotic C/D RNP is less symmetric at both the RNA and protein levels. The eukaryotic CЈ and DЈ boxes are frequently divergent from the consensus sequence required for K-turn formation and cannot bind 15.5K in isolation (21) (22) (23) . Nop58 and Nop56 preferentially bind box C/D and box CЈ/DЈ, respectively (30) .
Crystal structures have been solved for fibrillarin alone (19), 2 Nop5-fibrillarin complexes [from Archaeoglobus fulgidus (AF) and Pyrococcus furiosus (PF)] (24, 31) , and a number of L7Ae/ 15.5K and K-turn/K-loop RNA complexes (11, 13, 16, 32) . The spliceosomal U4 small nuclear RNP (snRNP) shares 3 homologous components with the C/D RNP: a K-turn in the 5Ј stem loop (5ЈSL) of the U4 snRNA, 15.5K, and the Nop5 homolog Prp31. The crystal structure of a ternary U4 snRNP complex revealed that the CTD of Prp31 is an RNP binding domain recognizing a composite surface formed by the K-turn and 15.5K (33) . The ternary U4 snRNP structure provides a model for understanding C/D RNP assembly, yet is insufficient to explain the unique guide function of the C/D RNA. Despite these advances, the structure of a fully assembled C/D RNP is not yet available. To understand the structural organization, assembly specificity, and mechanism of action of C/D RNP, we have studied its structure by x-ray crystallography and modeling.
Results
Crystallization and Structure Determination. Archaeal C/D RNAs have a bipartite circular structure with 2-fold symmetry (Fig.  1A) . To simplify RNP assembly and crystallization, we engineered a half-C/D RNA that contains a single copy of boxes C and D and a 10-nt guide region upstream of box D (Fig. 1B) . The WC-stem is sealed by a UUCG tetra-loop, whereas the GA-stem is open-ended. We assembled the half-C/D RNA with Nop5, which contains residues 1-380 without the C-terminal tail, fibrillarin, and L7Ae from Sulfolobus solfataricus (SS) (17) , and obtained crystals that diffracted x-ray to 4.0 Å. The crystal contains 2 copies of each component in the asymmetric unit or a dimeric RNP when the complex of Nop5, L7Ae, fibrillarin, and the half-C/D RNA is regarded as a unit. The structure was initially solved by the method of single isomorphous replacement with anomalous scattering (SIRAS) based on a mercury derivative. However, de novo model building is formidable at 4.0 Å without homologous structure (34) . To assist the model building, 2 substructures were determined at higher resolution. Given the modular organization of Nop5 (Fig. 1C) (24) , 2 Nop5 fragments were constructed, 1 lacking the CTD (residues 1-262, Nop5⌬CTD) and 1 lacking the NTD (residues 135-380, Nop5⌬NTD). We determined the structure of Nop5⌬CTD in complex with fibrillarin to 2.6 Å and the structure of Nop5⌬NTD alone to 3.1 Å [ Table S1 ]. These 2 substructures were solved by molecular replacement using the structure of the PF Nop5-Fib complex as a search model (31) . The 2 substructures and available other homologous structures were used to build a nearly complete model for the C/D RNP, which has been refined to a free R value of 0.304 and exhibits excellent stereochemistry (Table S1 ).
Structures of Nop5 and Fibrillarin. The structure of Nop5⌬NTD adopts an all-helical fold composed of an oval-shaped CTD, a coiled-coil domain, and a prominent globular domain inserting at the tip of the coiled-coil domain ( Fig. 2A) . The coiled-coil domain, comprising the antiparallel ␣4 and ␣5 helices, dimerizes into a left-handed 4-helix bundle with a total burial of 3091 Å 2 of solvent-accessible area. The dimer interface, as well as the relative orientation between the coiled-coil domain and the CTD, are identical in the Nop5⌬CTD-Fib and the C/D RNP complex structures and are highly similar to those in the AF and PF Nop5 structures (24, 31) , confirming the conservation of these features. By contrast, the tip insertion is a variable element, which is also present in PF Nop5 but not in AF Nop5.
The structure of the Nop5⌬CTD-Fib complex shows that fibrillarin associates with the Nop5 NTD, leading to the burial of a total of 2739 Å 2 of solvent-accessible area (Fig. 2B ). The SS fibrillarin structure closely resembles other fibrillarin structures (Fig. 2C) , with an rmsd in the range of 0.7-1.2 Å (19, 26, 31) . The SAM binding pocket of fibrillarin shows significant residual density, which was plausibly modeled as a SAM molecule, despite only weak density around the methionine (Fig. S1 ). The methyl donor was not added during protein purification or crystallization and must have copurified with the Nop5-Fib complex, as shown previously for the PF Nop5-Fib complex (31) . The SS Nop5 NTD has the same fold and similar fibrillarinbinding surface as the PF Nop5 NTD (31), but otherwise the 2 structures are quite divergent, with an rmsd of 2.84 Å over 100 C␣ atoms (Fig. 2C) . The NTD is a highly variable region in the Nop5 family, being considerably smaller in AF Nop5 (24) .
Structure of the C/D RNP. The dimeric C/D RNP structure has an overall dimension of 136 ϫ 98 ϫ 70 Å and resembles a butterfly when viewed from the side (Fig. 3A) . The unbiased experimental map shows clear electron density for most protein and RNA structural elements (Fig. 3B) . The top wing pairs are the RNA-binding modules composed of L7Ae, the Nop5 CTD, and the half-C/D RNA, each of which interacts with the other 2. The bottom wing pairs are the catalytic modules, which are composed of fibrillarin in association with the Nop5 NTD. The coiled-coil domain and the tip insertion domain of Nop5 dimerize to form a flat platform that supports the top and bottom wings (Fig. 3A , Top). There are 2 half-C/D RNAs associated with the dimeric RNP; to distinguish them, 1 is labeled as box C and D, and the other is denoted by primes, by analogy with the natural C/D RNA designation.
Each half-C/D RNA folds into a standard K-turn structure. The GA-stems are orientated toward the inside of the structure center, whereas the WC-stems point outward. The 2 opposite half-C/D RNAs bound in the dimeric RNP are not covalently linked, but the orientation of the GA-stem is compatible with the covalent linkage between them in natural C/D RNAs. The termini of boxes C and D are separated from the opposite ends of boxes DЈ and CЈ by Ϸ50 Å (A33 P to C11Ј P), and are raised by Ϸ18 Å above the coiled-coil platform. The large space between the 2 opposite upper wings is suitable to accommodate guides and guide-substrate duplexes (see below). By comparison, an A-form RNA helix has a 23-Å diameter and the 5Ј to 3Ј phosphate distance spans 31 Å for every 11-bp turn.
Surprisingly, the 2 guide regions (G1-C9), which were not designed to be self-complementary, pair with neighboring equivalent regions in a crystallographic dimeric RNP. The guides form 9-bp duplexes that include 6 Watson-Crick pairs and 3 mismatches (Fig. 1B) . This guide self-association results in a nonphysiologic tetrameric organization of RNPs in the crystal. The 2 guide self-duplexes adopt different orientations relative to the coiled-coil protein platform. One duplex formed by D-guide has a Ϸ45°inclination to the platform, and the other formed by DЈ-guide is nearly perpendicular to the platform. The guide self-duplexes are analogous with the guide-substrate duplex formed upon substrate loading. However, the 2 conformations are unlikely to represent an active state of the substrate-guide duplex because the end of D or DЈ-guide is too far away from the end of the opposite CЈ or C box (23 or 59 Å). The covalent connection that is present in native C/D RNAs would bring the duplex closer and more parallel to the protein platform.
The CTD of Nop5 is highly conserved (Fig. 3C) , reflecting its critical role in binding L7Ae and RNA. The most conserved surface residues of fibrillarin are located at the Nop5 NTD binding interface and near the SAM binding pocket. The latter region is likely to be associated with the substrate-guide RNA duplex.
Recognition of the C/D RNA. The mutual interactions between L7Ae, the Nop5 CTD, and the RNA closely resemble those present in the structure of the 15.5K-Prp31-U4 5ЈSL RNA ternary complex (33) . L7Ae and the Nop5 CTD can be collectively aligned with their counterparts in the U4 snRNP structure, yielding an rmsd of 1.18 Å over 185 C␣ atoms (Fig. 4A) . The Nop5 CTD uses helix ␣8 and the C-terminal half of helix ␣11 to associate with helices ␣2 and ␣3 of L7Ae. The Nop5 CTD and L7Ae jointly contact the major groove of the GA-stem of the K-turn. By contrast, the WC-stem of the K-turn is minimally contacted, suggesting that a K-loop lacking the WC-stem frequently formed by boxes CЈ and DЈ would similarly assemble in the archaeal RNP (15, 20) . However, the presence of a WC-stem in the K-turn seems to be important for eukaryotic C/D RNP assembly (21-23). The structure of L7Ae and the K-turn in the C/D RNP can be well aligned with the binary AF L7Ae-C/D RNA complex structure (Fig. S2) (13) , suggesting that the Nop5 CTD recognizes a preformed L7Ae-C/D RNA complex. Nop5 cannot stably associate with L7Ae or RNA alone (17), apparently owing to the incomplete binding surface.
The Nop5 CTD structure contains a prominent protrusion that docks at the end of the GA-stem and separates the 2 following guide strands. The protrusion (residues 300-317) is located between helices ␣9 and ␣10 and consists of a short helix named ␣9Ј and a partially disordered loop, which were modeled as polyalanine chain on the basis of the experimental map and difference map (Fig. S3) . The protrusion is apparently stabilized by RNA interaction, because this region is unstructured in all RNA-free Nop5 structures currently determined (Fig. 2D) .
The opposite ␣9Ј helices interact in a different way with the guide self-duplexes in 2 orientations (Fig. S4) . At the C/D side, the ␣9Ј helix contacts at the minor groove of the guide self- duplex. At the CЈ/DЈ side, some unmodeled density connects the ␣9Ј helix and the 5Ј-end of the guide RNA from a crystallographic molecule, suggesting that there are interactions between them. However, the functional relevance of these interactions with guide self-duplexes is unclear because the conformation of substrate-guide duplex in natural C/D RNP is unknown.
The GA-stem is composed of 4 bp, including 2 tandem G⅐A pairs followed by a U30⅐U12 noncanonical pair and a G31⅐C11 Watson-Crick pair. A32 stacks over G31 and, contrary to prediction, does not pair with U10. The 5 residues distal to the G⅐A pairs (U30, G31, A32, C11, and U12), although not required for K-turn formation, are conserved in C/D RNAs and are functionally essential (35) . The Nop5 CTD could recognize the base edges of these residues via hydrogen bonding. Residue Q296 probably contributes to sequence recognition, because its side chain has the potential to contact the base edges of U12 and A32 (Fig. 4B) . Consistent with its proposed role, Q296 is invariant among Nop5 and its eukaryotic counterparts Nop56 and Nop58. The corresponding residue is variable in Prp31 proteins, which does not recognize these sequences in U4 RNA. Residue R339 may also mediate sequence recognition owing to its proximity to G31. However, the equivalent residue in Prp31 interacts with the phosphate backbone of U4 RNA (33), suggesting that R339 of Nop5 might mediate a similar interaction. R339 is invariant in the Nop5 family but is occasionally replaced by lysine and other residues in the Prp31 family. Although the moderate resolution of our structure prevents the determination of hydrogen bonding, residues R339 and Q296 have been shown to be critical for binding L7Ae-C/D RNA complex (24, 36) . (Fig. 2D) . The 2 helices fuse into a single continuous long helix in the Nop5⌬CTD-Fib complex, whereas they meet at nearly right angles in the C/D RNP complex. Variable orientation of the catalytic module has been observed between the AF and PF Nop5 structures. However, these previous 2 Nop5 proteins are from different species and demonstrate significant differences in the NTD and tip insertion domain structures. The possibility that different orientations of the catalytic module reflect a species-dependent effect cannot be excluded (24, 31) . However, we observed multiple conformations for the same Nop5 protein, providing strong evidence that the linker connecting the Nop5 NTD and the coiled-coil domain is inherently flexible. The wildly varied conformations of the Nop5 catalytic module are primarily due to the different crystallographic environments, rather than to species-dependent effects. All of the observed positions of fibrillarin are too far away from the predicted substrate position to be an active conformation, and large movement should occur for fibrillarin to access the loaded substrate.
Structural Model of Substrate-Loaded Active C/D RNP. To provide further insight into substrate recruitment and potential conformational transitions of fibrillarin upon substrate loading, we modeled a structure bound with a natural bipartite C/D RNA (Fig. 5) . One half of the complex bound by box C/D is modeled in the active state, with loaded substrate and fibrillarin approaching the modification site. The other half bound by box CЈ/DЈ is in a resting state with empty guide. The guides are set to 12 nt, which is the most common length in archaeal C/D RNAs (37) . The space between boxes C and DЈ (Ϸ50 Å) is large enough to accommodate a 12-nt single-stranded empty guide. With regard to substrate binding, the substrate is set to be paired with the 2nd to 10th residues upstream of box D, forming a 9-bp guidesubstrate duplex. This region corresponds to the substrate-guide pairing core that is predicted by statistical analysis (38) and is experimentally important for methylation to occur (39, 40) . The 9-bp guide-substrate duplex could reasonably be placed over the coiled-coil platform, in which case the guide strand of the duplex would be linked to boxes D and CЈ via 1-nt and 2-nt singlestranded linkers, respectively. The distance between the 5Ј and 3Ј phosphates of a 9-nt A-form duplex strand is Ϸ27 Å, and the C and DЈ boxes opposite are Ϸ50 Å away. Therefore, the 2 short linkers need to be significantly stretched to fill the gaps between the guide-substrate duplex and their respective ends, given that a single nucleotide spans, at most, Ϸ7.4 Å (5Ј P to 3Ј P distance). The guide-substrate duplex was orientated to allow the methylaccepting 2Ј-OH group to face the intruding fibrillarin. The catalytic module composed of the Nop5 NTD and fibrillarin was rotated around the junction between helices ␣3 and ␣4 of Nop5, so that the SAM donor methyl group is juxtaposed to the target 2Ј-OH group. The path of rotation is such that the catalytic module can pass the valley formed between the tip insertion domain and L7Ae without steric hindrance. The resulting model illustrates a potential conformation of the guide-substrate duplex that allows fibrillarin to access the substrate via a swing movement. Nevertheless, the precise conformation of the active C/D RNP requires further structural characterization of substrate-bound native C/D RNP.
Discussion
In this study, we present the structure of a C/D RNP that includes its full complement of 3 proteins assembled with a split half-C/D RNA. Although the RNA is unnatural, to our knowledge this is the most comprehensive C/D RNP structure yet solved. This RNP structure also formed the basis for a model of the natural RNP in its substrate-loaded active state. Together, the structure and the model provide insight into the overall organization and mechanism of action of C/D RNA-guided RNA methyltransferases.
Structural Organization of C/D RNP. The opposing CTDs in the dimeric C/D RNP provide 2 anchoring sites for the dual K-turns in the C/D RNA, thereby bridging the symmetry in the protein and RNA structure. The positioning of the CTDs is organized by the self-associated coiled-coil domains at the center of the RNP complex. The fact that the structures and the sequences of both the coiled-coil and the CTD domains are highly conserved suggests that the 2 CTDs are separated by a fixed distance in all C/D RNPs, and accordingly the 2 bound C/D motifs are also separated by a fixed distance (Ϸ50 Å). This fixed inter-motif spacing predicts that the proper assembly of the C/D motifs into Nop5's CTD requires the guide connecting opposite K-turns to be longer than approximately 7 nt, by our estimation. However, for a guide to form a duplex of sufficient length with the substrate, the guide needs to be longer than the minimal length, because a strand in a duplex has a significantly shorter end-toend distance. In our modeling process, a length of 12 nt seems to be the lower limit for the formation of a 9-bp substrate-guide duplex. Guides shorter than 12 nt would allow RNA assembly but would interfere with substrate interaction. Indeed, it has been shown for an archaeal RNP that reducing the length of a guide to 10 nt had no effect on RNP assembly but significantly blocked the modification activity mediated by the specific guide (37) . Interestingly, increasing the guide length to 14 nt or longer also blocked activity (37) . This suggests that the modifying enzyme might have little tolerance for excess unpaired guide residues in the active conformation of the RNP. This upper limit on the length of the guide apparently does not to apply to eukaryotic C/D RNAs, which are highly variable in terms of the spacing of the C/D motifs.
Our C/D RNP structure shows that the protrusion in the Nop5 CTD is a key structural element in the organization of the guide RNA conformation. The protrusion wedges between the 2 guides and separates them into different paths, which may prevent accidental pairing between 2 guides and liberate them for substrate association. In support of this role, a C/D RNA with paired guides was shown not to be able to bind the target unless it assembled with Nop5 (41). In addition, the 2 protrusions at opposite ends of the dimeric RNP are close to the guidesubstrate duplex in the substrate-loaded model, implying their potential role in substrate loading (Fig. 5) . The residues in the protrusion are highly conserved in Nop5 proteins (Fig. 3C) , underscoring their importance.
Previous studies showed that RNPs assembled with split half-C/D RNAs lost site specificity, leading to promiscuous modification around the target ribose (29) . The flexibility in the guide-substrate duplex in the absence of fixation at one end as shown in our C/D RNP structure, as well as the inherent mobility of the catalytic module, may contribute to the nonspecific modification.
Structural Determinants of C/D and U4 RNP Assembly Specificity. The assembly mode of C/D RNP closely resembles that of U4 snRNP, confirming their evolutionary relationship. Nevertheless, Nop5 and Prp31 assemble specifically into C/D and U4 RNP, respectively. What is the structural determinant for this assembly specificity? It was previously proposed that the length of the GA-stem distinguishes the 2 RNP assemblies, because the GA-stem of the C/D RNA was thought to be longer by 1 bp than the U4 RNA stem, and Prp31 cannot bind a GA-stem with 1 additional base pair (33, 42) . However, our structure shows that the U10⅐A32 pair in our C/D RNA is not formed. Therefore, its GA-stem is the same length as that of U4 RNA. Rather than being guided by the length of the GA-stem, the assembly specificity seems to derive from different terminal structures of the GA-stem. The GA-stem of U4 snRNA is closed by a pentaloop, whereas that of C/D RNA is an open-ended structure that leads to 2 single-stranded guides. The CTD protrusions seem to be a key factor for discriminating the different terminal structures of GA-stems. The ␣9Ј helix of Nop5 would sterically interfere with the pentaloop of U4 RNA (Fig. 4A) , whereas the corresponding protrusion in Prp31 is tailored to interact with the pentaloop of U4 snRNA (33) . The protein sequences of the protrusions are highly divergent between Nop5 and Prp31, consistent with their different roles in RNP assembly and function. Moreover, the Nop5 CTD may specifically recognize the conserved residues distal to the G⅐A pairs in the GA-stem of C/D RNA, which further distinguishes C/D from U4 RNA.
Methods
For detailed information regarding the cloning, protein purification, crystallization, and structure determination, see SI Text.
